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INT RO DUC T ION 

The purpose of this paper is to in te rpre t  t he  origin of the s t range 

t ravel l ing a tmosphe r i c  waves observed  a t  the ground during in te rva ls  

of high geomagnet ic  activity (Chrzanowski,  e t  a l . ,  1961).  Inpa r t i cu la r ,  we 

seek  possible modes  of a tmosphe r i c  oscil lations caused  by the periodic 

bombardment  of a u r o r a l  par t ic les  in the polar mesosphe re .  

T r a i n s  of these waves a r e  detected by a s y s t e m  of four microphones 

placed on each  co rne r  of a quadrant roughly 8 lim squa re ,  located north 

of Washington, D.C. The presence  of a travell ing wave was establ ished 

when the s a m e  wave forms could b e  found on a l l  four r eco rds  under 

ce r t a in  t i m e  shif ts  among them. These  t ime displacements  were  used 
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A B S T RAC T 

Pulsating au ro rae  a r e  proposed a s  a source  of the inf rasonic  waves 

assoc ia ted  with geomagnet ic  activity reported by Chrzanowski  e t  al. 

One of the m o s t  plausible generation mechanism of these long period 

p r e s s u r e  waves is  the periodic heating of the upper  air around 100  krn 

l eve l ,  corresponding to the a u r o r a l  coruscation repor ted  by Campbel l  

and P-ees. To  see the energet ic  relatior- between source  input a n d  

p r e s s u r e  change a t  s e a  level ,  some tlicoretica! caicuiations a r e  p e r -  

fo rmed  using a s imple model  of au ro ra l  dis t r ibut ion in the i so the rma l  

i 
I 

a tmosphere .  
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I 
to ccLc1-*mit:e L ~ L  dii-cctio:: 0: wv=,vc prolxSatian and thc horizo::tnl pi:ns;c: 

v c l o c l t y  of thc wavcs.  

usual?y f rom 20 to 8 0  s e c ,  aiidveryoccasioi=,lly 1 0 0 -  to 300-sec wavcs 

a r e  recorded .  

dyne s 1 cm2 . 

The pcr iods of these  infrasonic  waves a rc  

The p r e s s u r e  amplitude ranges  f rom about one to ten 

One of the pecul iar  fea tures  of these waves is the change of a r r i v a l  

d i rec t ion  with t ime of day. The genera i  t rend  is as follows: 

They come from the nor theas t  direct ion in  the evening, through 

The shift  back nor th  about midnight,  then northwest in the ixorning. 

to  nor theas t  during the followir,g day i s  somewhat discontinuous.  These 

t ravel l ing p r e s s u r e  waves occur  l e s s  frequently in dayt ime.  

Since a u r o r a l  activity predominates  around miidnight loca l  t i m e ,  

the t ime  dependence of the appearance  of infrasonic  waves during 

in te rva ls  of high geomagnetic activity can be explained by assuming 

that  rhe sou rce  of this kind of wave is located somewhere in  the a u r o r a l  

reg ion ,  as can be s e e n  f rom Fig.  1. (Fakushima,  1960) .  

of this  f igure shows the d iurna l  variation of a r r i v a l  of sound waves 

during magnet ic  s t o r m s ,  r epor t ed  by Chrzanowski,  e t  al. (1960).  

The left s ide 

In attempting to understand these peculiar p r e s s u r e  waves,  we 

propose that  A’- Lilt: - - -  y VI e-:-:--+- L g L u a L L  C v n m  v i A i  2 r r - r t s i n  --- I--.- r lnrn~iq of the a u r o r a l  

act ivi ty ,  which is heated up  periodically by the seve re  per iodic  bombard-  

men t  of a u r o r a l  par t ic les .  A s  we shall show l a t e r ,  this  per iodic  p r e -  

~ ~ p i t a t i o . i i  o f  a.clrorL? par-,icles is e x ~ r c t e d  to take place simultaneously 

LLVith the occurrence  of geomagnetic pcilsations. 

. .  
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2. I n i c r  -rd!atious bct\vc,:n Gcomagndtic Fluctuations,  Pulsat ing 

- -  A u r o r ~ e  acd Infrasonic Waves.  

The a u r o r a l  luminosity often fluctuates with the fluctuation of i n -  

coini.ig a u z a r n l  p n r t i c l a z .  Tlic fluctuation; 05 incoming psr t ic lcs  , 

which a r e  rxostly e l e c t r o n s ,  c2n be explained eiiii2: by a per iodic  

change in  the acce lera t ion  mechanism of incident pa r t i c l e s  o r  by the 

change of m i r r o r  heights of t r a p p d  par t ic les  In the ear th . ' s  a tmosphe re ,  

following the var ia t ions of field iniensity of  he e a r t h ' s  mzgnczos?here. 

Thc var ia t iozs  of geomagnetic field intznsity arid oi a u r o r a l  br ightness  

a re  therefore  c losely r e l a t ed .  -4 c 1 ~ z r  e x a x p l e  of th i s  correspondence 

between the pulsating au ro rae  a n i  die ra;;id var ia t ion ai geozxagnetic 

intensity observed  at the ground was given by Campbel l  (1960). 

According to  the analysis  of the space-probe data  given by Sonnet 

e t  a?. (1960), and recent ly  that oi Esplci-er X given by He2pner e t  al. 

(1961, 1963) ,  the regroi l  beyond zrou:d :en c-rtk radii near  the $eo- 

magnet ic  equator  is occasionally gi-Eatly dis turbed.  Such dis turbances 

m a y  be propagated along the magnet ic  l ines  of force as hydromagnetic 

waves ,  and a r e  t r a n s f o r m e d  into electromagnet ic  waves when they 

r e a c h  the conducting ionosphere (Watanabe 1937,  1962, Piddington 

1958). 

waves ,  they  will be a lmos t  perfect ly  reflected at-the earth's- sur face  

(Shoite a n 6  Veldkail:? 1955). 

waves along magneEic: l ines  of fo rce .  

standing waves is the filndarr.cnta1 mode, whose unique node is on the 

gdornagnetic eqdaxoriai plane,  with two loops of oscil lation on the ends 

Af te r  penetrating the ionospheric region as electromagnet ic  

This  will produce standing hydromagnetic 

The s imples t  mode of such  



of thc  line oi force  oc the c a r t h  ic both b.~rnis?hleres. 

GsCi!!atiOn h ~ s  becn investigateL i : l 2 G r c i i c a l i y  by Dungey (1954), who 

c d l e d  i t  the no rma l  mode of LoTs~G’:;L! osclliatlons of the magnet ic  

Gcld i n  the e a r t h ’ s  cavity. 

c r e a s e s  rapidly with the lacitude where tl=+ --:zgnetic l ine of force  i n t e r -  

s e c t s  the e a r ~ h ’ s  surface:, varyir.2 i--or, s e v e r a l  tens  oi seconds to  about 

10 minutes  from the subauro ra i  region to ~b-2  ?o!ar region (Kato and 

Watanabe, 1956, Obayaski and J ~ C G ~ S  195S, Obayashi 1958). 

This  rr,o& of  

The e i g ~ : : - ? c r ~ > L  of these oscil lations in-  

In addition t o  the abave mode ,  thei-z is anothzr mode  of oscil lation 

responsible for  geomagnetic pulsations of s h o r t e r  per iods.  As noted 

by Dess l e r  (1938), the velocity of Aiiver, waves d e c r e a s e s  v e r y  rapidly 

with decreas ing  height i n  the exospheric  regior, below around 2,000 k m .  

T h e r e f o r e ,  due to  the continuity of energy flow one can  expect  Alfven 

waves of c e r t a i n  per iods coming f r o m  the outer  exosphere  to  be inten- 

s i f ied.  In this mode of osc i l la t ion ,  the layer  02 maximum Alfven 

velocity,  which is apprcximately betwzeri 1,500 and 3 ,000  ks-, becomes 

the node of oscil lation, 2nd thc loo:, of oscil lation is zear the e a r t h ’ s  

sur face .  This mod2 ~f hydromAagnetic oscillation corresponds  to r-he 

and W a t a n a h ,  1963).  

In Considering the above f ac t s ,  onz might  speculate  that a possible 

rr?echaizism for the production of  infrasonic waves during a u r o r a l  

aci ivi ty  would be the penetration of AXven waves,  including modified 



-fiAlivcri. waves arid rdcarded socud \ v a v c b  {G’o&yzshi, 1938), ihrough the 

ionosphere.  However , as will  b e  shown l a t e r ,  thesz contribuiiurrs d i e  

v e r y  small as compared  with the pressLr.2 d is turbances  produced by 

the per iodic  heating of the lower ionosphc:3 caused by a u r o r a l  

bombarciments. 

A s  shown by Heppner (1958), a u r o r a l  activity predominates  around 

midxight l oca l  t ime and the active regior- extends towards lower 

lati tudes with increzsing act ivi ty ,  2nd @sating au ro rae  appear  at this 

phase 02 a u r o r a l  activity. In other worcs ,  L-mong s e v e r a l  types of 

a u r o r a l  d i sp lays ,  pulsating a u r o r a e  appear  with the l a r g e s t  dis turbance 

in ene rgy ,  and occur  in  fa i r ly  low latitudes. 

According to  Caml;bell and Ress  (1961), the peak of @sating 

r r  a u r o r a e  is a rouca  109 -s-z, :he height oi t k e  bottom is 90 k x ,  ;he errec-  

tive thickness  is of the o rde r  of 20 krc,  and thd m o s t  frdquent peziod is 

Irorn 6 to 10 s e c .  According to ;he direc; measu remen t  of a u r o r a l  

pa r t i c l e s  Sy  m e a n s  of rocket  borne de tec tors ,  the energy  flux of a u r o r a l  

pa r t i c l e s  , which is mos t ly  e lectrons , i s  of the o r z e r  of s e v e r a l  tens  of 

e rgs / cm’  - s e c  at weak a u r o r a  and it i nc reases  by m o r e  than a factor  of 

50 at aUrOrd { ‘ I  L ~ ~ ~ l l ~ Q I L A ,  -n------ 1 O A A !  Thcs ,  n ~ e  c a n  es t imate  that the 

3 enc rgy  f l ~ x  11: s i r o n g  pulsating a u r o r a  is oi the o r d e r  of 10 

s e c  o r  m o r e .  

Lazixbcrlaiti 11 Y u l ,  basad on xxeasl~i-er-+nt s of a u r o r a l  luminosity. 

e rg /c rn2  - 

This  figure is consistent with the es t imate  given by 

-, . i T n / i \  

On the-other hand, the energy  flux of hydromagnetic waves deduced 

~:O:II ~ k e  :nag:iotic ?ulsation data i s  less than 10 e r g / c m 2  - s e c  below 

3 



, a u r o r a e  shown on the r i g h t  side of this figure is talien from the Visoplot 

of a u r o r a l  act ivi ty  repor ted  f rom the IGY Data C e n t e r ,  on days which 

correspor,d to the events  reported by Chrzanowski e t  ai. (1961), which 

a r e  shown on the le f t  side o i  this T i p - e .  The a r r i v a l  direct ion of these  
I 

WLVZS mig:h~ deviate I'rorn the t r u e  di rec i iou  due to s t r o n g  wind syste-ms 

in  high al t i tudes.  T h e r e f o r e ,  the appearances i;f 2 ~ z s s u r e  waves do not 

necessaz i ly  ma tch  :he p l s a t i n g  au ro ra i  cvents  i n  detail .  It i s ,  however ,  

quite clear that there  is 2 close c o r r e s p n d e n c e  between the appearance 

of i n i r a soc ic  waves and that of pulsaticg adroi-ae.  

3 .  Mathematical Trea tmen t  

I It is quite obvioiis that the r a y  theory is  not applicable in  this  

p rob lem,  because the wave iength is  o i  ths order of an  a tmospher ic  

destil o r  more for  fa? i c f rasonic  wzvcs obszrved. 

The esci ta t ion and prop.gation of long period p r e s s u r e  waves i n  

:he atimospherz have been investigated by s e v e r a l  w o r k e r s ,  mainly i n  

L W G  i l z ? d  n i  geo$iysics, i .e.,  metcoi-ology and ionospheric  physics.  

The theozeticai aspeccs of t h o s e  p l -oS?~ ixs  a2pcaring in  geophysics,  

including oceacography,  has been recent ly  rzviewed by Ecliart  (1 9 4 0 ,  

6 



~ I:i the present  calc-alztions , howeve:, \vz s h l ?  c s e  rather th; 

c l a s s i c z l  rnc:!=ocl based on thc equations of vzlocity divergence,  b 

Oi its convenience i n  C O ; ~ , ~ Z Z ~ : I ~  CIIC r c ~ c ! t s  with the observed  data. 

:ause 

I .  

3.1 Notations 2nd Fundamentai  E c - L ~ ~ ~ G R s .  

r - 3  l h e  cotations and c u n s i z c t s  used  &,e as follows: 

Cosiolis v e c t o r ,  in rad/  s e c ;  

i-esc1:ai-i: oi external i o r c e s  except g rav i ty ,  dyne/g ;  

r a t e  of ncr. accessior; of :?ea-,, e r g / g  s e c ;  and 

s (s, z; = ( y - l ) q  wvherc q = p . q‘ in e r g / c m 3  sec .  

7 



.x , z 

-. 
U ( a ,  iv)  

F ,  p ,  Ti' 

the divergence of velocity in s e c - l  i .2 .  x = W a x  a d z z  ; 

s t z t i c  2ressure 

w a c h  are :!-,e f ~ r i c t i o c s  of z only i n  a y n e / c m 2  

zna K J  respec-iively,  

densi ty ,  and Lbsaiate t empera tu re  

_ .  g / ~ r r . ~  

7 0- 

total  ? ressurc ,  defisity and t e m p e r a t u r e ,  i.e. p o  + p J  

p o  + p and T o  i T resp2ct ively.  

s t z t i c  value oi pressure, of densi ty  and of t empera tu re  

of air at the sea  l e v e l .  

. -  
ver t i ca l  wave l e a g t h  01 prsssurs wave in cm.. 

pe r iod  of pressure wav5 i c  s e c  

s 



where I-I is :he sc&le height of i so the rma l  a t m o s p h e r e ,  

H = RT/g. 

~ 

In the Eulerian notation, the equation of motion is  

and the equation of  coritinuity is given by 

(3.1 . l )  

(3.1.2) 

The var ia t ions  of pressure due to the rma l  excitations can be d e -  

r ived  from the second. l aw  of thermodynas?ics ,  which gives the change 

of en t ropy  (Ecl iar t  1960), i.e. 

(3.1.3) 

Eq. (3.1.3) is equivaler-t to  

c p DP - - c 2 -  = s ( s ,  z, t). 
2t  n t  (3.1.4) 

Since in our preserit p r o b l e n  the period of osci l la t ion is l e s s  than 

5 fc:w iminutcs, t h G  Coriol is  force  due to the e a r t h ' s  rotation is negligible,  

9 
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3.2 One Dimensiolzal  Model. 

F o r  this  case the a';mospileric rnotior, has  only the Z-component  of 

veloci ty ,  w, t he re fo re ,  the equztion of motion (3.1.5) is wri t ten in  l inear  

appr  osimation by 

The equation oi continuixy in  lirxzr ;s;jrosirnations is 

-. d , p  ::\y Po 
- + P o  - -. - -  w r o .  

s z  H - 
o t  

(3.2.1) 

(3.2.2) 

The  en t ropy  equation (3.1.4) can be wricLen In the present  ca se  in 

- l i nea r  appr  oxlmation by 

(3.2.3) 

... L --. ?. 
w L A L - *  c; = q ( z ;  t) is the periodically changing hea t  sou rce ,  which can  be  

a s s u m e d  to be E 

(3.2.4) 

10 



tvhe r e  

( 3 . 2 . 5 )  

and qo is the i r ax imum ra t e  of heat  gc;lesation in  an a tmosphe r i c  

column with unit c r o s s  section in e r g / c m 2  s c c .  z = O  is taken as the 

height of tne base of heating, and the 2ar th ' s  sur face  is given by z = - zo. 

Eliminating p and ,G f r o m  the above equations,  the following differential  

equation is obtained: 

( 3 . 2 . 6 )  

F o r  the region - z o  5 z < 0 ,  where rio hea t -source  e x i s t s ,  w is 

given by 

( 3 . 2 . 7 )  

and' for  the region z 2 0 ,  whzre  the heat  source  ex i s t s ,  w is given by 

where  the constants A ,  B ,  C and D a r e  to be de te rmined  by the following 

bouiidary conditions: (i) a t  z + a, there should be no wave downward, 

11 



( 3 . 2 . 9 )  

where /-is is the at inospherlc  dcnsity a t  the e a r t h ' s  su r f ace .  

Substitutiug Eq. ( 3 . 2 . 7 )  into Eq. ( 3 . 2 . 9 )  and by making use of the 

conditiocs (i) and (ii), we find 

provided that  the angular wav2 frequzncy cr is l a r g e r  than 2 cr i t i ca l  

f requency uA, defined by 

( 3 . 2 . 1  1) 

(Maeda and Watanabe, 1963). Thus, the final express ion  of the amplitude 

of pressiire yaris'linns a t  the ground, caused by the per iodic  dis turbance 

in  the uppe r  atw-osphere q ( z ,  t )  is  
- _ _ _  . - 

(3 .2 .1  2) 

1 2  



- l h c  nuincr ical  va lues  p , / q G  given h y  Eq. (3.2.12) arc plottcd in  

Fig.  3 against  11 (in kmj for s c v ~ r ; i l  va,li;c:s oi angular irequcncy, G-. The 

full l ines  and dashed l ines  stand for the sca le  height of S k m  and 6.8 km, 

rcspcct ivcly.  Thc l a t t e r  givcs proper ratio of ( pc / p ,  )1'2 as compared  

with the observed  atmosp!icric densit ies.  

F r o m  this f igure ,  one can 52s that periodic heating corresponding 

to a flux of the o r d e r  of 100  e rg / c ix2  s e c  pzoduces p r e s s u r e  waves 

with amplitudes of the o rde r  of 1 clyne/cm2 at the ground. 

3 . 3  Two Dimensional  M o d d  

3.3.1 Equation of Velocity S ive rg ince  

F r o m  Eq. (3.1.5), the equation of motior, for two dimensional ca se  , 

is 

(3.3.1) 

(3.3.2) 

The equation of continuity, (3.1.2) can  be wri t ten in  first o r d e r  

approximation ab 

( 3 . 3 . 3 )  

where i( = X ( X ,  2, t )  is the velocity divergence defined in  secLion (3 .1 ) .  

1 3  



Using Eq. (3 .3 .3 ) ,  Eq. ( 3 . 1 . 4 )  can bc writ ten a s  

( 3 . 3 . 4 )  

Assuming that t h e  time variat ions o i  I:, w, p,  p .and. s a r e  proportional 

to a facior e i r t ,  the following relzt ions between u ,  w and p a r e  obtained 

from Eqs .  ( 3 . 3 . 1 ) ,  ( 3 . 3 . 2 ) ,  ( 3 . 3 . 3 )  and (?.3.4), 

and 

(3.3.5) 

( 3 . 3 . 6 )  

i a p  = pogu'  - c ?  p o x  s .  ( 3 . 3 . 7 )  

Eliminating u ,  w and p f rom above equations,  we finally obtain the 

following differential  equation for  the velocity divergence, x ( x ,  z ): 

(Maeda and \Vatatlabe, 1 9 6 3 ) .  

( 3 . 3 . 8 )  

3 . 3 . 2  The Diagnostic Diagram 

If t he re  is no t h e r m a l  excitation, the right hand side of Eq. (3 .3 .8)  

I s  z e r o ,  and the solution of this homogenous different ia l  equation 
. - . _  



corresponds  to  the f ree  oscil lation of the a tmosphere  on the non-rotating 

We now cons ider  p r e s s u r e  waves traveling horizontal ly  in this  flat 

a tmosphere .  Assuming that u ,  w, p, and p a r e  proport ional  to a factor  

, we get  an  equation for the ve r t i ca l  change of X(Q, z). ,i ( w t - k x  j 

k2 6 (3.3.9) d2X - t -(H' 1 - 1) dX & - t  [- u 2  - k2 t - ( H ~  q j x  = 0 
dz2 H u2 H 

where  H' = dH/dz, and c2 is rep laced  by ygH(z). 

For s impl ic i ty ,  l e t  us consider  the case  of an i so the rma l  a tmosphe re ,  

where  H' = 0. Then Eq. (3.3.9) is writ ten as 

dx 2 N  -t M2X = 0 d2X - -  
dz dz (3.3.10) 

. .  . . . .. .-- 

where 

N = 1/2H (3.3.1 1) 

and 

(3.3.12) 

This  differe,ntiai  equatfoii has t h e  hllowing solution: 

(3.3.13) 

where  A and B are constant ,  and 

p2 = ~2 - ~2 > 0 for non-cellular solution (3.3.14) 

15 



and 

P = i7), '12 = M' - N' > o for ccll i i lar  solution. (3 .3 .15  j 

As w a s  shown by Pelceris (1948), i n  thc non-ccllular solution i n  a 

single i so thermal  a tmosphe re  ( 3 . 3 . 1 3 ) ,  the t e r m  with eP.' m u s t  vanish,  

(i.e. B = 0 ) ,  otherwise the kinetic energy of non-cellular waves,  which 

is proportional to po (z)x2 , diverges .  F u r t h e r m o r e ,  due to another 

condition that the ver t ica l  component of velocity m u s t  vanish a t  the 

ground, w e  get only two possible types of f r e e  oscillation. The one c o r -  

responds to L a m b ' s  wave (Lamb,  1932,  p. 548), which ex is t s  at a l l - f r e -  

quencies ,  while the other can be propagated only above a c r i t i ca l  value 

u c ,  given by 

u c = q  C (3 .3 .16)  

(the corresponding per iod is around 250 s e c ) ,  and the wave is dispersivc.  

It should be noted that  due to the decrease  of a tmospher ic  density,  

the amplitude of Lamb wave (p res su re  variation) dec reases  with altitudc 

by a factor  exp  (- gz/c2 ) ,  preventing the propagation of waves i n  any 

except  horizontai  direct ions {Eckar t ,  1960, p. l e g ) .  

On the other  hand, for  the cellular solution, 9 stands for thc wave 

number  in  the ve r t i ca l  direct ion and equation (3 .3 .15 )  is cquivalcnt to 

(3 .3 .17)  



where cA = g y / 2 c  and cB = g ( y  - 1) 1'2,/c. (3.3.18) 

Brunt ' s  f requency,  uB, is the frequency of the ver t ica l  oscil lation of 

a f ree  air parce l  in the a tmosphere ,  changing adiabatically.  This  ex-  

press ion  was a l so  der ived by Vaisala  a s  a s tabi i i ty  p a r a m e t e r  of the 

a tmosphe re  (Eckar t ,  1960) .  

sound frequency, because no acoust ic  oscillation ex is t s  below this 

uA can be called the c r i t i ca l  a tmosphe r i c  

frequency in the a tmosphere .  

The curve q2 = 0 consis ts  of two branches ,  A and B ,  as shown in  

Fig.  4 ,  i n  which CT is plo.tted against  k. The curve A s t a r t s  f rom the 

D-axis at cr = cAJ and becomes a s p p t o t i c  to the line C ,  which c o r r e -  

sponds to the solution of non-cellular Lamb's  wave, cr kc. The other  

cu rve ,  B ,  p a s s e s  through the origin and becomes  asymptot ic  to the 

horizontal  l ine cr = uB. 

Following Eclcart (1960), Fig. 4 will be called the diagnostic 

d i a g r a m  of the i so the rma l  a tmosphere,  and the waves corresponding to  

the two domains i n  which 9' > 0 a r e  named as Sonic (mode A) and 

T h e r m o b a r i c  (mode B),  respect ively.  

are d s o  called acoust ic  and in te rna l  gravi ty  waves,  respect ively,  by 

Hines (1960).  

Sonic and t lrermobaric waves 

3 .  Intensity of P r e s s u r e  Waves at the Ground 

Since the source  of excitation, s (x, z ) ,  is assumed  to b e  limited 

inside o f  the a u r o r a l  zone, the r ight  hand side of Eq. (3 .3 .8 )  is not uni-  

f o r m  with r e spec t  to' x. Therefore  this differential  equation is not in 

g e n e r a l  separable  with r 'esp<ct to the var iab lcs  x and z .  



Therefore, the following assumptions are  made  to  solve the equation. 

(i) the a tmosphere  is i so thermal  with scale height H. 

(ii) the distribution of heat  source  is uniform along the y-direct ion 

(this is a s s u m e d  at the beginning to reduce the problem to two 

d imens ions) ,  but i t  is l imited horizontally in  the x7direction within 

&A,, i .e. - A, 5 x 5 A,, and is extended ver t ica l ly  above a cer ta in  

height z ,  i.e. z >, z o .  
__-_  . . - 

. (iii) the . t ime var ia t ion of the heat  s,ource is periodic with an  angular 

frequency z ,  and the same phase within the domain indicated in  (ii). 

The as umption (i)  reduces Tq. (3.3.8) to the following form: - 
- 
-.-\ 

The  assumpt ions  (ii) and (iii) can be wri t ten a s  

_ _  
s(x, z ,  t) = s(z) B ( Z  - z o >  [ ~ ( x  t A,) -8 (x -Ao) ]  (3 .3 .20)  

where  

(3 .3.21)  
h 

s(z) = 

(3 .3 .19 )  
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and o ( c )  is a unit step-function of 5, defined by 

i' 5 2 0  

(3 .3 .22)  

It should be noted that qo is the maximum ra te  of heat-relesw- in  

an  a tmosphere  in an  sir column of unit c ros s - sec t ion ,  e r g s / s e c  cm . 2 '  

Since the a tmosphere  is a s sumed  to be i so thermal ,  the densi ty  of 

air in equilibrium at height z i s  given by 
I 

z - -  
H 

Po ( z )  = P,  e * ( 3 . 3 . 2 3 )  

In o r d e r  to solve Eq. (3 .3 .19)  under the conditions l i s ted  above, 

the following Four ie r  t r ans fo rms  a r e  applied with respec t  to  x ,  

and 

ncn 

e i k x j ( ( x ,  z ) d x  1 X(k,  Z) = - 

S(k, Z )  - 1 .i k x  s ( x ,  z ) d x .  

( 3 . 3 . 2 4 )  

( 3 . 3 . 2 5 )  

Since the heat  source  s ( x ,  z )  vanishes outside of the a u r o r a l  zone, 

both s ( x ,  z )  and x ( x ,  z )  must vanish at x = ice. Thus we get 

19 



and 

Using these t r a n s f o r m s ,  Eq. (3.3.19) is wri t ten as 

where  

F ( k ,  

d2 X dX - - 2N - t M 2 X  = F(k,  z )  
dz dz 

(3 .3 .28)  

and P!, M2 a r e  the s a m e  a s  in  Eq. (3 .3 .11)  2nd Eq. (3 .3 .12) .  The total 

solution of Eq. (3 .3 .28 )  can be wri t ten as  

(3 .3 .30 )  

where  n1 and n2 a r e  the roots  of the following charac te r i s t ic  equation 

n2 - 2Nn M2 = 0 (3 .3 .31)  

. - and we assume; n , = N - p  a n d n 2 = N + P  (3 .3.3L) 

where  p is given by Eq. (3 .3 .14 )  or  by Eq. (3 .3 .15)  for non-cellular or  

c e llul a-r s i t  ion, r e  s pe c t i v  e i y . -1 
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The integration constants C, and C, a r e  de te rmined  by the follow- 

ing 'two boundary conditlons : 

(i) the ve r t i ca l  component of the velocity valiishes a t  the ground, i.e.,  

w(s, z = 0) = 0 (3 .3 .33 )  

(ii) thc lcinctic cnc rgy  oi the waves at z = m  is e i the r  z e r o  o r  reillailan 

finite.  

should be propagated upwards only a t  z = io. 

In the l a t t e r  c a s e ,  the ver t ical  component of the dis turbance 

The p r e s s u r e  change at the ground can be obtained by x ( x ,  z = 0), 

which is given by the inverse Four ie r  t ransform o f X ( k ,  z = 0) , i.e. 

x ( x ,  0 )  = - rm e - i x k X ( k ,  0) dk (3 .3 .34 )  
GJ -cn 

where  ~ ( k ,  0) i s  the solution of Eq. (3 .3 .28)  a t  z = 0 satisfying the above 

conditions,  - and is given by 

where  

and 

. .  _ .  .. . - (3 .3  3 7 )  
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Since w(x, 0 )  = 0 ,  s ( x ,  0 )  = 0,  and Eq. ( 3 . 3 . 7 )  can be reduced to 

( 3 . 3 . 3 8 )  
c2 P, 

p ( x ,  0 )  = - - * ;c(x, 0 )  i u  

where ~ ( x ,  0 )  is given by the inve r se  Fouyier t r a n s f o r m  of Eq. (3 .3 .35 ) .  

The evaluations of p(x, 0 )  a r c  given in  the Appendix and the r e s u l t s  

a r e  s h b  Tables  I and 11, and i n  Figs .  5 and 6 ,  where p, and p,, 

stand for cel lular  and non-cel lular  waves,  respect ively.  

4. Discussion 

4.1 Attenuation 

Due to the v iscos i ty  and t h e r m a l  conductivity of a i r ,  acous t ic  waves 

in  the a tmosphe re  attenuate.  The attenuation coefficient,  u(7) in cm- '  

for a wave of per iod -r i s  given approximately by (Rayleigh, 1929)  . 

(4.4.1) 

where  the coefficient of  kinematic  viscosi ty  is given approximately by 

v =  1 . 7  x 1 0 - ~  in crn2/sec 
P ( Z >  

and the coeff ic ient  of t h e r m a l  conductivity a2 is given by 

in cm2/sec. 2.1 x Io-5 
p ( z )  

.2 = 

(4.1.2) 

(4.1.3) 



Since thc a i r  densi ty  ,r d c c r c a s z s  \vith hc lght  exponentially, a2 ana 

L’ iacrezse with altitude exponentially. The so-cal lcd attenuation f ac to r ,  

(4.1.6) 

is shown in  Fig. 7 as a function of the heighx z in ic lx ,  fo r  7 = 10 s e c ,  

30 s e c  and 100 s e c .  

It should be noticed that the relative amplitude of the p r e s s u r e  wave 

grows as it propagates upward with zi factor c z / 2 H ,  where  I-I is the scale  

height,  while the absolute amplitude dec reases  with height by a factor 

bccause of the exponenr;ial decreasc  of air density (Schrzainger , 

1917). Provided  that the amount of excitation ene rgy  is the s a m e ,  t h e r e -  

f o r e ,  the absolute intensity of the p r e s s i l r c  wave a t  the ground is larger 

when the base  of the excitation level  is higher.  This  is shown by Eqs. 

z 0 / 2 H  (3 .2 .12)  and ( 3 . 3 . 3 5 )  with a factor e fo r  p, p, ( Z  = 0 )  and P,, ( Z  = O ) ,  

and by a curved dash line in Fig. 7. 

a c e r t a i n  altitude for a given period (or frequency) of the wzve. This is 

shown i n  Fig. 8 for  t h r e e  different wave per iods T = 10,  30 and 100 sec .  

One can  see f r o m  th is  f igure that there  i s  a n  eifective height of exci ta-  

t ion of a tmosphcr ic  acoust ic  wave fo r  a given per iod and this height 

i n c r e a s e s  with period. 

23 
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4 .2  Conditions for  Wave Forr?ation 

i \ccording to the calculations in  sec:loi? 3 , the p r e s s u r e  var ia t ion 

at the grour,d of the o rde r  of 1 dyne /cm?  can be expected i f  the  m a x i -  

mum r a t e  of hea t  generat ion is of the o r ~ e r  Gf 100 e r g / c m 2  s e c  and i f  

the l aye r  of per iodic  heating is around 103 km altitude with th ickness  

l e s s  than 10 lim. 

thc i r  ene rgy  mos t ly  within a l ayz r  of the o r d e r  of 10 h thickness  around 

. the  height of 100 km (Chamberlain 1961, p. 290).  According to  C h a m b e r -  

S l e c t r o n s  with ene rgy  o i  the o r d e r  of 100  liev will  lose 

- .. 

la in ,  the r a t e  of heat-generat ion is the o rde r  of 60 e rg / cm2  s e c  in  a 

br ight  a u r o r a .  

this  ‘ o r h f  amplitude per iodical ly ,  ba romet r i c  osci l la t ions of the o rde r  

of 1 dyne /cm2  a t  sea leve l  can be expected i r o m  tF.ose sources in  the 

upper  a tmosphe re .  

T h e r e f o r e ,  i f  the r a t e  of heat-generat ion changes with 

However ,  s e v e r a l  other  conditions m u s t  be sa t i s i i ed ,  in  o r d e r  that  

the e n e r g y  brought into the upper  air by a u r o r a l  e l ec t rons  can  be con- 

ve r t ed  efficiently to p r e s s u r e  waves i n  the a tmosphere .  

, 

At f i r s t ,  the t ime  T~ i n  which an  e lec t ron  a r r iv ing  at a u r o r a l  height 

I f rom outer  space should be s m a l l e r  than the per iod ,  7 ,  of the waves 

concerned.  If T > >  T ~ ,  the phase of the t ime var ia t ion of the sou rce  

d i i i c r s  f rom place to place,  and the resul tant  p r e s s u r e  wave 0rigiLiati:ig 

f rom those: ciiifcrent sou rces  would be weakened by superposi t ion.  

S i n ~ : c  the dicroral e l ec t rons ,  whose velocity is of the o r d c r  of  lo3 
I 



-1 scc .  i n i s  i s  much srr,zllcr than t’nc pcriod of the acoustic wavcs wc 

cons ide r hc r e ,  

A s  discussed by Nanszn  and Jc’nnson (196G), e lec t rons  impinging 

into the upper  a tmosphere  lose Llioir onoi‘g)i mos t ly  by 1 i l o l d s L i C  col l i -  

s ions with neutral  air par t ic ies  until 2‘2 cv, whiil.1 is the lowest ex\ itation 

ene rgy  of a tomic  oxygen ( ID-s ta te ) .  

coll isions with oxygen a toms  is of the order  of 

of the o r d e r  of 1 s e c  a t  400 lam. 

The t i m e ,  T ~ ,  for lD excitation 

s e c  at 100 km and 

Eelow 2 e v ,  the e lec t rons  lose energy in the upper  a tmosphere  

main ly  by ‘elastic coll isions with ambient e lec t rons .  

low ene rgy  e lec t rons  to equilibrate with ambient  e l ec t rons ,  r 3 ,  is ob- 

tained i r o m  the express ion  for the rate of ene rgy  loss of a fast  e lec t ron  

i m m e r s e d  in  a thermal ized  p lasma (Hansen & Johnson 1960),  and is 

The t ime for - those  

(4.2.1) 

where  E i s  the electron ene rgy ,  i .e . ,  E 2 2 e v ,  and Ne i s  the e lec t ron  

concentration in ~ m - ~ .  

The ec-uilibration t i m e ,  r3,  given by this express ion  is about 0.1 s e c  

a t  100  kin and o f t h e  o r d e r  of l o - ’  sec  above 350 lim. 

still much  smaller than the periods of acoustic waves under  discussion.  

it should bs zoted, however ,  that e las t ic  coll isions with neutral  

22i-tlcles dominate over  those with ambient e lec t rons  below the F2 maxi- 

n-icm (around 300 l a ) .  The t ime constant,  74 for these elast ic  collisiolis 

Thus 7 2  73 is 



\ 

consis ts  of ~ ( 0 )  and 7 ( N 2 ) ,  the t imz  constants for the loss or’ c s c c s s  

e l c c t r n n  cne rgy  LO a tomic  oxygen and to  molecular  n i t rogen ,  respecctivcly I 

and is given by 

(4.2.2) 

where  n(0)  and n ( N 2 )  a r e  the concentration of a tomic  oxygen and m o l e c -  

u l a r  ni t rogen per c m 3 ,  respect ively.  

F o r  E = 2 e v ,  74 is of the o r d e r  of 0.1 s e c  a t  100 km and i n c r e a s e s  

with height.  F o r  example ,  i t  is of the o rde r  of 100 s e c  at 350 lcm. 

,4s shown in the previous secI ion,  the esci ta t ion of a tmosphe r i c  

p r e s s u r e  waves above 200 km is not important ;  the t ime constant  r4, 

does not des t roy  the condition of wave formation. 

low 200 km r1 

In other  w o r d s ,  be -  

7 2  + r3 i 74 $ 7 i s  sat isf icd.  

Another  condition n e c e s s a r y  to wave formation is that the t ime 

constant  for  cooling in  a ce r t a in  domain of a u r o r a l  act ivi ty  m u s t  be 

m u c h  longe r thzn the per iod of o s  cillation. 

If the init ial  t empera tu re  To i s  a s sumed  to be horizontal ly  uniform 

within the domain of the source  

the cen te r  a f te r  t ( sec)  is approximztely,  

-Ao 5 x 5 A, then the t e m p e r a t u r e  a t  

(4.2.3) 
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w he r e 

(4.2.4j 

a 2  i s  t h e  t h e r m a l  difiuusivity (coefficient oi t h e r m a l  conduction) of a i r ,  

and Ta is the t empera tu re  outside ai tke soz rce .  

The t i m e ,  t a  , n e c e s s a r y  to reduce thc init ial  t e m p e r a t u r e  difference 

between the inside and outside of,:he source region can be est imated by 

(4.2.5) 

. .  Since the t h e r m a l  difiusivlty oi a i r  :i2 at a hcigLlt z 0  = ! G O  Im is of 

the o r d e r  o f  106’cm2 / s e c  (see Ey. 4 . l . ? ) ,  the minimum source  widih 

needed to sat isfy the condition for thermal  oscil lation is of the orLer  of 

30 m for a period of 10 s e c ,  and oi the o rde r  of 100  m for a p d r i o i  oi’ 

100 sec .  

The source  width considered in our p re sen t  calculation is  signifi-  

cantly l a r g e r  than these widths. in  other words ,  the t ime constant for 

sou rce  cooling i s  sufficiently long for p r e s s u r e  wave proauction. 

4.3 Other  Poss ib le  Mechanisms 

* * -  - -___ ctai t l -d __ i n  the introduczion, hydromagnet ic  waves frorn. the m a g -  

.- L i ~ t o s p h e r e  -> lose  pa r t  of their  energy  i n  the lower exosphere  and in the 

ionosphere.  The remaining energy  leaking through the ionosphere is 

27 
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The r a t e  of energy dissipation of hl- ,ro.:?Zgaetic waves in  thc 

ioi i~sphcrc:  i nc rcases  with incrcssir ,g Er, q ~ i  .icy (Watanabe, 1957: Franc is  

arid Kzrp lus ,  1960; A l i a s o h ,  1960). XCC\):.:-.I" 3 to Waknabe (1957) 

dissipation of the hydromagnctic WLVC c u e r ~ y  i n  thz ionosphere is  

ueglidibic fur waves with pel-iods longer than 20 sec. 

the 

In the a u r o r a l  

rcgion,  the ainplitcde of georragnctic pdsa t ions  somet imes  exceed 

s e v c r a l  tcns oi gamma (i.e.,  giant pdsa t ions )  with per iods longer than 

s e v e r a l  tens of sccouds.  

srnallcr for higher i reqcencies  (Jacobs and Watanabe, 1962). As sb-own 

by the power densi ty  of thc small  scale iluctuations of magnet ic  field 

intensiLy observed  ir, ihe e a r t h ' s  mzgzetosphcre betweer, 3 a d  15 e a r t h ' s  

r a d i i  (Sonnet e t  a!. l96O), the frequency spcctruin of hydrorragzct ic  

waves which a r e  regarded  as the origins of geomagnetic pulsations 

observed  at the earth's surface 

above tlie ionosphere.  

ai?lplitudc imay be ta.ke:i as 1 0 0 ~ .  

hydromugnet ic  waves is  then of the order of  several ergs c ~ l f - ~  -set", 

assuming  that the Alfven wave velocity above thc ionosphere is of the 

o r d e r  of 10 c m / s e c .  

The intensity of the incident wave is usual ly  

i s  a &creas ing  function of f requencies  

In any c a s e ,  the upper limit of c'ne incicient wave 

The energy  flux associated with these 

a 

The  r a t e  of heat  generatior, by absorpnion of these  hydromagnetic 

waves i n  the upper  ionosphert: has been estimated by several  authors  

( D e s s l e r ,  1959; Akasofu, 1960; Franc i s  arid KarplGs 1960)  and the i r  

-- 
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waves Lhau for a u r o r a i  par  t iclc s . 

4.3.2 P r e s s u r e  Waves D u e  to thc IimpLLcts oi Auroral P a r t i c l e s .  

A pa r t i c l e  cow-ing down into che ztinosphcre loses i t s  energy  b y  

t r a n s f e r r i n g  i t s  do\vnward 1momcntu-n to the air par t i c l e s .  

wave C a l i  33 generztcd if the f l u s  of g a ~ t i c i e  changes periodically in  

t i m e .  

estimated by assuming that all the illcorning pa r t i c l e s  would s top i n  a 

-A p r e s s u r e  

. ,  

Ti;e uppel- iilxit of the pr*ssurc intensity by this p rocess  can be 

v e r y  short t ime within a ve ry  thin l a y e r .  

Assunling t h e  average  energy  of i;icidz:lt e lec t rons  is 6 kev and the 

mzsimur:i ~ u x  is 0, .chs crd.-r n f  1 0 ~ ’  c r n - 2  s e c - 1 ,  the maximum p r e s -  

s u r e  r h ~ s  exe r t ed  ~ p o n  the thin lzyer of v i r t c a l  shock abso rbe r  is  e s t i -  

matcd to  be of the o r d e r  of 4.10 
- 6  cly:;es/c~m’. The corresponding 

i 
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4.3.3 Penet ra t ion  oi Hydromagnetic \!raves Through the Ionosphcrc.  
, 

As ixcntioncd above m o s t  gcomagnct ic  pulsations a r e  due to  hydro-  

magnet ic  oscil lations in the cxosphcrr3. Tlicsc oscil lations a r c  r c l a i ~ d  

to e lcc- romagnet ic  oscil lations in  thc space bctween the e a r t h ' s  sur face  \ 
and the lower boundary of the ionosp5ere.  Any os cillation mode in  which 

the compress ion  of amnospheric matter is involved gives r i s e  to  a v a r i a -  

I 

r 

I 

t Lion i n  the Cerisity, a i ~ d  cocsequentiy 2 p r e s s u r e  variatior,. The re fo re ,  

it w . 3 ~  be possible that seomagnet ic  pulsations anci microbarolmetr ic  

osci l la t ions come from the same  or ig in ,  i.e. hydromagnetic oscil lations 
I : or' the car th 's  exosphere.  

The or igins  of this kind of pulsation ?resumably exist i n  the outer  

bouiidar y of e a r t h  ' s magnz to 5 pkc r c ne ar thc ge om a p e  ti c e quato r ial 

plane 

Alfven wave is a t r a n s v e r s e  wave with r e spec t  to changes i n  the e l e c t r i c  

and magnet ic  f ie lds .  

and  i t  :nay & pyopagatec! z s  2 -fn~dir'led Xliven wave. A modiiicc! 
I 

I On the otkcr hzind, I r ;  is  a longitudinal wave when 

viewed as  fluid motion (Van de E=u!st 1949) .  ir- the space between the 

earthls sur face  and  the lowcr  ijouiidary oi the ionosphere,  we shoald 

have a n  electromagneLic wvave as weli as a prcssurc wave. The energy  

f l~s  assoc ia t ed  with an  incideni modiiiel -4lfven wave is  roughIy 

(B2/S-ii)V, 

and  is11 be caken as the Aliven wzvc vcloci ty  at a higher portion of 

where V, is ;he group veiociLy of  the modified Alfven waves 

I 
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,. 
ionosphere.  B is the amplitude of the wave, i.e., the intensity of m a g -  

netic fluctuation above the ionosphere.  

Assuming conservation of ene rgy  €tux, the upper  limit of the ampl i -  

tude of the p r e s s u r e  wave a t  the e a r t h ' s  su r f ace ,  p, ,  can be es t imated  

roughly by, 

where  c, is the sound wave velocity a t  the e a r t h ' s  su r f ace ,  and ps is 

the ai=. densi ty  at the e a r t h ' s  surface.  

Taking V, = 3.107 c m / s e c ,  corresponding to the dayt ime at the sun-  

spot  maximum activity,  and B = 3 0 y ,  cs = 3.104 c m / s e c ,  p,  = 1.25- 

g / c m 3 ,  one gets  ps 2 3 d y n e s / c m 2 .  

In this  es t imat ion ,  the conversion factor between energ ies  of inc i -  

dent Alfven waves and that of secondary p r e s s u r e  waves is a s s u m e d  to 

be unity. However ,  this factor m u s t  be v e r y  small due to reflections 

and ene rgy  diss ipat ions of incident waves at the upper  pa r t  of the 

ionosphere.  If this  factor is not smal l ,  one could see  the appearance  

of infrasonic  waves in  the equator ia l  region during s t rong magnet ic  

d i s turbances .  

negligible,  this might  give a d i rec t  detection of modified Alfven waves 

coming into the e a r t h ' s  a tmosphe re  from the magnetosphere .  

Since the occurrence  of a-ir-iorae iz these regions is 
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5. Summary  

W e  have shown that one of the m o s t  plausible mechan i sms  for p r e s -  

s u r e  wave generation during geomagnetic d i s turbances  is the periodic 

heating of the polar ionosphere by auroral  pa r t i c l e s ,  observed  a s  pulsat-  

ing au ro rae .  As  emphas ized  by Campbell (1962) ,  the ma in  energy  source  

for this type of a u r o r a l  activity is not only incident a u r o r a l  pa r t i c l e s ,  

but a l so  a flow of secondary  electrons called the e lec t ro- je t .  

c a s e ,  periodic heating by these intermittent e l ec t r i c  cu r ren t s  is e s s e n -  

t ia l ly  the s a m e  as the so-cal led Joule heating d iscussed  by Cole (1962).  

In this 

As  the r e su l t s  of the present  calculation, the following conclusions 

can be drawn: 

I ( i )  F r o m  Figs .  3 ,  5 ,  and 6,  one can see that an incident ene rgy  flux 

of m o r e  than 100  e r g s / c i n 2 - s e c  w i l l  produce acoust ic  waves ob- 

se rvable  a t  the ground, 1aovided thc per iods a r e  longer than about 

10  seconds,  

The relat ive intensity oi t l ie  p re s su re  wave a t  the ground is higher 

when the heating is concentrated within a thin l aye r  than when i t  

is dis t r ibuted over  a wide range of alt i tudes (Fig.  3 and 5). 

The intensity ra t io  betwcen the inside of the source region and the 

outside is s m a l l e r  for  longer per iods,  as expected. 

S imi l a r ly ,  the gradient of intensity around r;he 'oouidiiry- of the  

source  is s t eepe r  when thc width of the source  is wider.  

(ii) 

(iii) 

(iv) 

3 2  
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(v) The ra t io  of non-cellular wave inwnsity to cel lular  is of the o r d e r  

of 10’’ for T = 1 0  s e c  and 10’’ for T = 100 s e c ,  inside or‘the 

source .  Although the non-cellular intensity exceeds the cel lular  

one at l a rge  dis tances  f rom the source ,  the contribution of the 

non-cellular wave to the observed  intensity wouid be negligible, 

because both waves attcnuate in long distance propagation. 

(vi) According to the present  calculations,  which a r e  based  on an  i s o -  

t h e r m a l  a tmosphe re ,  the interisity of acoustic waves m o r e  than 

seveyal  hundred km f rom the region of a u r o r a l  activity is negligible. 

Considering the r e a l  a tmosphe re  one can conclude , thzrefore  , that  

the horizontal  propagation of acoustic wavz s through the ducts 

a round the mesopause  and  the s t ra topause is r a the r  important  to 

explain the diurnal  var ia t ion of a r r i v a l  direct ion of these waves 

during the period of high geomagnetic activity shown in F ig .  1. 

(vii) It should be noted, however ,  that  a u r o r a l  act ivi t ies  a r e  not within 

the a u r o r a l  zone but ra ther  extended toward lower lati tudes (near ly  

to 50”N), when these sonic waves a r e  observed  during the per iods 

of magnet ic  d i s turbances ,  as can be seen  f rom the a u r o r a l  visoplot 

shown in Fig. 2. 

To show the positioil and s t ruc ture  of sonic ducts a s  well as 

attenuation of the waves ,  ajue must  take into account the actual  

a tmosphe r i c  t empera tu re  distributions.  This  will be ,  however ,  

d i scussed  e l sewhere  (Maoda, 1963).  

3 3  



Finally,  i t  should be noted that the energy flux of acoust ic  waves at 1 

the ground S in  e r g / c m 2  s e c  i s ,  

and p, and p, a r e  the maximum amplitude of p r e s s u r e  change in dyne/ 

crn2 ana the s t a t i c  densi ty  of air a t  s e a  leve l ,  respect ively,  and c is the 
I 

8 

I sound velocity in c m / s e c .  i 

Since P, i s  of the o r d e r  of 1.25 X g/cm3,  the ene rgyf luxcor re spond-  - I 

ing to p, = 1 dyne /cm2  i s  approxizxately 1.4 x 

see  the ene rgy  relat ion between the input power and the observed  output 

intensity,  a s  shown in  F igs .  3 ,  5, and 6,  the above relat ion m u s t  be 

e rg /c rn2  sec .  T o  

used.  
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TaXe I I 

Intensity of cel lular  mode of infrasonic5 on the ground below the center  
! 

of the sou rce  i n  units of q, fo r  three different per iods of the waves, 

h = H  h = 1/2H 

A, = 1 km 

T = 1 0  s e c  6.75 x 1.34 x 10” 
30 s e c  6.28 10-5 1.23 x 1 0 - 4  

100 s e c  6.92 10-4 1.06 10-3 
b 

A ,  = 1 o k m  

r = 10 s i c .  1.83 x lo-’  3.65 x 
30 s e c .  4.38 8.58 

100 s e c .  6.67 10-3 1.02 x 

A ,  = 100  LT- 

r = .10 sec .  1.83 lo-’ 
30 sec.  4.94 

100 sec .  1.83 x l o m 2  

3.65 x io-’ 
9.67 x 
2.83 x 

i 
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Table I1 

Maximum intensity of non-cellular waves on the ground pnc in  units ~f 

q, , and i t s  ra t io  to that of cel lular  waves,  p,, / jp, 1 ,  for three different  

periods of the waves.  x, is the horizontal  distance in  km of the first 

nodal l ines  f rom the center  of the source ,  of which horizontal  width is 

a s s u m e d  to be A, = 10 km. 

- P n  c . Pnc/ lPcl XO 

h = H  

1.28 x 7.0 0.85 km 

3.24 x 7.4 lo-’  2.56 km 

* 1.66 8.30 km 

r = 10 sec .  

30 sec.  

100  sec .  1.10 lo - ’  

h = 1/2H 

1.11 l o - ’  3.03 x lo - ’  0.85 lun 

2 .73  x 3.18 lo - ’  2.56 km 

1.02 x lo - ’  9.8 x l o m 4  8.30 h 

r = 10 sec .  

30 sec .  

100 sec .  
-_-_ - - 
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. 

Rate of heat-generat ion duc to attenuation of hydromagnet ic  waves.  

P e r i o d  r a t c  of heat thickness of alt i tude of the 

HAM -waves air -column generat ing layer 
of generat ion in heating layer  center  of heat- 

(second) ( e rg /  s e  c /  crn’ ) (I-) (lim) 

1 1.3 20 0 170 D e s s l e r  
(1959) 

F ranc i s  - 6.3 0.7 
Karplus  
(1960)  

Akasofu 1 9.7 
(1960) 

1 0  

100 

0.17 

0.029 

50 125 

>>ZOO 

>200 

2200 

2 25 

2 25 

2 25 

, 

! 
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. . .- .__- 

As it can  b e  secn  f rom Eq. (3 .3.351,  Xc!i,  0 is an even fun tion of k. 
- 

There fo re ,  the subsi;itution of Eq. (3.3.35) into ~ q .  (3.3.34) gives:  

where  

Since ,z is a rea! fGurrction o 

where 

0 2  
z - g  

- .  1.: - 

k for  k 2 kc and 

Eq. ( h . 1 )  can be wri t ten further 

xnple  

x ( x ,  0) = ;c,(x, 0) t xn,(x,  0 )  

whe r e 

(A.5) 



and 

, 

The integrand of  ( x ,  0 )  has  two singular points k, = u / c  and 
n c  

k 

cci lular  m o d e  which are  pointed out by Pelceris (1943). 

s t eep  exponential t e r 3  e -"', however ,  contributions of these sl 'ngulari- 

= u 2 / g ,  corresponding to the two types of f r ee  osc i l la t iors  of non- 

Because of a 

i: 

t i es  to the i n w g r a i  is  not s o  important  as  the contribution f rom the. n a r -  

row band nea r  k 2 kc , where the exponential t e r m  is near ly  unity. 

The i n t e g r m d  of X c  has no s ingular i t ies  but osci l la tes  by the t e r m  

The main  concribution arises also fro=. a na r row dol-nain nea r  

Substituting Eq. (A.4) into Eq. (3.3.38), we get 

- i  7)zo 
e . 
k 5 k c .  

I p(x,  0)  = P, ( X I  0) + P n c b  0) (A. 6) 

where  pc(x, 0 )  and p,, cor respond to xc (x,  0 )  and xnc (x ,  0 ) respect ively.  



Fig. 2 - Diurnal variation of tiic a r r i v d  of infrasonic waves during 

specific magnei ic  s t o r m s  detected at the Xational Bureau  of Standards,  

Washington, D.C. 

activit ies o j s e r v e d  in the nor thern  hemisphere.  

(Chrzanowski e t  al.),  and corresponding a u r o r a l  

Fig.  3 - Relative intensity of p r e s s u r e  waves on the g r o u d  produced 

by periodic a u r o r a l  heating, vs  the scale  height of :he heat  s o u r c e ,  in  

the one dimensional modei  with an  isothermal  a-,mosphere. ,* ull lines 

2nd dashed l ines  cor respond t o  s ca l e  hsights :or an isothermal atmos- 

p h e r e  or H = 8 km and H = 6.8 km,  res2ectively.  

t o  each  l ine  is  the angular f requency,  u = 2 7 r / 7  

of t h e  wave in sec .  

- 
The p a r a m e t e r  attached 

, where  7 is the period 

- . -  

Fig.  4 - Diagnostic diagram for an i so thermal  a tmosphere  with sca l e  

height El = 8 km. ( T o  = 273 I<). See  text for meaning of symbols.  

Fig.  5 j W t e n s i : y  of cel lular  waves produced by periodic aurorcLl 

heating, lp, in units oi q v s  the horizontal  distance f rom the center  

or' the source  for wave per iod -,-= 10 sec.  

sti_n_d for h = H  and h = 1 / 2 X  , respectively. 

I 

0' 
F u l l  l ines  and dashed l ines  

F1g. 5(b) - Intensity of cel lular  waves produced by periodic a u r o r a l  

'rearing, I?, I i n  units of q 

of the s o u r c e  for wave per iod 7 = 30 s e c .  

stand i o r  h = H  

vs  the horizontal distance f r o m  the center  
0 '  

Full l ines  and dashed l ines  

and h = 1/2 Ei , respectively. 
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- "'1 D .  n 5(cj  - l i l L C ; - i d r r J  T - - A  - - c ; + - r  nf c'elidar wzves  p?;.ochced by  periodic  a u r o r a l  heat- 

i cg ,  
tile source f o r  wave per iod T =  100  sec .  

1 ia u n i t s  of q , ,  vs  the horizontal  dis tance froin the cen te r  of 

Full l ines  and dashed l ines  

s tand f o r  h = H 2nd h = 1 / 2 H ,  respectively.  

-. 2:g. 6 - Intensi t iss  or cellul2.r waves OE tk. 

v s  horizontal Gistance x in  k m  L i - ~ ~ m  t h e  czr-tdr of ::IC s c u r c e ,  of which 

width A, is 1 0 0  km,  fo r  7 = l o  s e c ,  30 bec and lG0 s e c ,  respect ively.  

_ z o ~ ; d  In the units of q o  

Fig.  '7 - Attenuation fac tor  f a  (7 ,  z) v s  altititae of the sou rce  z o  in  km. 

Dashed l i nes  indicate 

i " z  

- In f a  (7,  Z ) '  I U ( 7 , Z " "  ' ( s t r a igh t  l ines)  - / U Z  
1 

JP 

f o r  T =  

l ~ ( p ~ , ~ , 5 5 ~  z / 2 H  

10,  3 0 ,  and 100 s c c  ar:d  he cxponential amplification f ac to r ,  

, where the sca l e  height, H ,  is a s s u m e d  to  be  8 km.  

Fig.  8 - Relat ive yield of the s o u r c e  to the inirasonic  waves in  the i so-  

t h e r m  21 a tmosphere  

vs  the al t i tude of the source z i n  kin f o r  r =  

where  the scale height H is a s sumed  to  be 8 km. 

10 s e c ,  30 s e c  and 100  sec ,  
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